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Edited by Hans EklundAbstract Flavin-binding, Kelch repeat, F-box (FKF1) protein is
a photoreceptor to regulate ﬂowering of Arabidopsis. The pro-
tein has a light, oxygen and voltage (LOV)-sensing domain bind-
ing a ﬂavin mononucleotide. The photo-activation of the domain
is an indispensable step to initiate the cellular signaling for ﬂow-
ering. In the present study, a LOV-containing polypeptide of
FKF1 was prepared by an overexpression system, and the qua-
ternary structure of it was studied by size exclusion chromatog-
raphy and small-angle X-ray scattering. The apparent molecular
weight from chromatography suggested a globular trimeric or an
anisotropic-shaped dimeric association of the polypeptide in solu-
tion. The scattering experiment demonstrated a dimeric associa-
tion of the polypeptides with an elongated molecular shape
displaying the radius of gyration of 27 A˚ and the maximum
dimension of 94 A˚. The molecular shape simulated from scatter-
ing proﬁles suggests an antiparallel association of the LOV do-
mains in the dimer. Though the absorption spectrum of blue-light
irradiated polypeptide was stable in the photoactivated state for
a long period, the scattering proﬁles showed very small changes
between the dark and light conditions. Based on the homologies
in the amino-acid sequences and the scattering proﬁles, these re-
sults are discussed in connection with the structures and function
of LOV domains of phototropin.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
Keywords: FKF1 protein; LOV domain; Photoperiodism;
Quaternary structure; Small-angle X-ray scattering1. Introduction
Organisms have developed light-sensing systems composed
of photoreceptor proteins. Photoreceptor proteins absorb
UV–Vis light and convert the physical stimuli into biologicalAbbreviations: FKF1, ﬂavin-binding, Kelch repeat F-box; CO, CON-
STANS; A. thaliana, Arabidopsis thaliana; E. coli, Escherichia coli;
FMN, ﬂavin mononucleotide; GST, glutathione S-transferase; LKP2,
LOV Kelch protein 2; LOV, light, oxygen and voltage; PAS, period
clock protein (Per)/aryl hydrocarbon receptor nuclear translocator
(Arnt)/single-minded protein (Sim); phot, phototropin; Rg, radius of
gyration; SAXS, small-angle X-ray scattering; ZTL, ZEITLUPE
*Corresponding authors. Fax: +81 45 566 1672 (M. Nakasako), +81 72
254 9841 (S. Tokutomi).
E-mail addresses: nakasako@phys.keio.ac.jp (M. Nakasako),
toxan@riast.osakafu-u.ac.jp (S. Tokutomi).
0014-5793/$30.00  2005 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2004.12.078signals to propagate to downstream components of cellular
signal transduction systems regulating developmental and cell
motility processes of organisms. One of light-regulated phe-
nomena is photoperiodism to adapt to seasonal changes by
measuring day length. In plant, the molecular mechanisms of
photoperiodism are insightfully investigated regarding ﬂower-
ing of Arabidopsis thaliana (A. thaliana) [1,2]. It is known that
controlling high expression of CONSTANS (CO) is a key step
in day-length discrimination leading to ﬂowering under long-
day conditions [3]. Recently, ﬂavin-binding, Kelch repeat F-
box (FKF1) protein has been identiﬁed as a photoreceptor
for the light-controlled expression of CO [4]. The expression
and the light-dependent function of FKF1 are thought to per-
ceive and transduce directly the blue-light signal involved in
the induction of CO.
Flavin-binding, Kelch repeat, F-box protein of A. thaliana
comprises 619 amino acid residues and one prosthetic ﬂavin
mononucleotide (FMN) molecule [4]. The protein has three
characteristic sequence motifs [4] (Fig. 1A): the light,
oxygen, and voltage (LOV)-sensing domain, the F-BOX
and the Kelch repeat. The primary sequence of the LOV do-
main (ca. 110 residues) is homologous to those of the LOV
domains of phototropins (phots) working as blue-light recep-
tors for tropic actions of plants [5] (Fig. 1B). LOV-domain
is known as a subset of period clock protein (Per)/aryl
hydrocarbon receptor nuclear translocator (Arnt)/single-
minded protein (Sim) (PAS) superfamily acting as protein–
protein interaction modules in eukaryotic cellular signaling
[6].
Because of the sequence homologies between the LOV do-
mains of FKF1 and phot [7], the comparative physicochemical
studies may provide clues to understand molecular mecha-
nisms triggering the signal transduction. Upon absorbing
blue-light, the phot-LOV domains undergo unique photo-
chemical reaction-cycles [8]. In contrast, the photoactivated
state of the recombinant FKF1-LOV polypeptide is stable
for a long period [4]. Recent structural studies revealed that
some of LOV-containing polypeptides from phot form dimers
[9,10], and the dimerization of the LOV domains are thought
to have structural and functional importance to amplify the
external light stimuli.
In this report, we studied the structure of a recombinant
FKF1-LOV polypeptide (Fig. 1B) by size exclusion chroma-
tography and small-angle X-ray scattering (SAXS). We estab-
lished the dimeric association of the LOV polypeptide and
examined light-induced conformational changes of it. Theblished by Elsevier B.V. All rights reserved.
Fig. 1. (A) Schematic depictions of the domain structures of FKF1 protein (619 residues) and phot1 (966 residues) of Arabidopsis. Characteristic
sequence motifs are presented. (B) A sequence alignment of LOV domains from phot1 (LOV1), FKF1 [4], ZTL [14] and LKP2 [15] of A. thaliana.
The sequences of FKF1-LOV and phot1-LOV1 [10] polypeptides shown are expressed for structural studies. The LOV core region and the FMN-
binding cysteine residues are indicate by arrows and asterisk, respectively. Residues indicated by black-background are identical among the four
proteins, and those of gray are conserved in the FKF1 family. (C) The result of theMw determination by size exclusion chromatography. The elution
volume (Kav) is plotted against the logarithm of Mw. The regression line is determined by the least-square method from the elution behaviors of the
four standard samples (open circles) (RNase (Mw of 13.7k), chymotrypsinogen A (25.0k), Ovalbumin (43.0k) and Albumin (67.0k)). The arrow
indicates the elution volume of the LOV polypeptide. The concentration of the polypeptide in the elution peak was 0.03 mg ml1. (D) Absorption
spectra of FKF1-LOV polypeptide in the dark and 0.0, 0.5, 1.0 and 2.0 h after blue-light irradiation.
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of phot LOV domains.2. Materials and methods
2.1. Preparation of recombinant LOV-containing polypeptide
A LOV domain-containing polypeptide (Fig. 1B) of A. thaliana
FKF1 protein was prepared by an overexpression system with Esche-
richia coli (E. coli). Using Arabidopsis cDNA as a template, a DNA
fragment corresponding to the polypeptide was ampliﬁed by the
PCR method with primers to provide appropriate restriction sites.
The ampliﬁed DNA was isolated, digested, and cloned into a
pGEX4T1 expression vector (Amersham Bioscience, Uppsala, Swe-
den) as a fusion protein with glutathione S-transferase (GST). A linker
sequence (Gly–Ser) was inserted between GST and the LOV polypep-
tide.
JM109 strain of E. coli transformed by the vector was grown in the
dark after the induction by isopropyl-b-D-thiogalactopyranoside.
The puriﬁcation was carried out at 273–277 K under dim red light.
The supernatant from the lysate of harvested bacteria was mixed with
glutathione–Sepharose 4B (Amersham Bioscience). The FKF1-LOV
polypeptides were removed directly from the gel-bound fusion proteins
by a thrombin-digestion at the linker sequence. The LOV polypeptide
was puriﬁed further by a gel chromatography with Sephacryl S-100
HR (Amersham Bioscience) and the buﬀer solution containing
100 mM NaCl, 25 mM Tris–HCl, and 1 mM Na2EDTA (pH 7.8).
The puriﬁed enzyme was concentrated by ultraﬁltration, and the
purity was examined by the sodium dodecyl sulfate–poly acrylamide
gel electrophoresis (SDS–PAGE). The apparent molecular weight
(Mw) of the polypeptide was estimated by the size exclusion chroma-
tography using a Hi-prep Sephacryl S-100HR column (Amersham Bio-
science) and a Low Molecular Weight Gel Filtration Calibration Kit
(Amersham Bioscience).
Absorption spectra were measured at 293 K with a UV-3310 spec-
trophotometer (Hitachi, Tokyo, Japan). Blue-light for activating the
polypeptide was supplied by a 1 kW projector and a ﬁlter sheet (kmaxof 480 nm and half width of 40 nm, Nakagawa Chemicals, Tokyo, Ja-
pan). The light-excited state of the polypeptide was stable at least for
2 h (Fig. 1D).
2.2. Small-angle X-ray scattering experiments and analysis
Small-angle X-ray scattering data were collected at BL40B2 of
SPring-8 using an R-axis IV++ system as a detector (RIGAKU, Tokyo,
Japan). The X-ray wavelength and the camera distance were 1.000 A˚
and 1050 mm, respectively. SAXS of a sample and the buﬀer were mea-
sured alternately under an exposure time of 60 s. For each sample solu-
tion, one SAXS proﬁle was ﬁrstly taken in the dark, and another under
the blue-light supplied as in the absorption measurement. Intensities of
incident X-ray beam were kept constant during the experiments by the
top-up operation of the accelerator. No radiation damage of all sam-
ples was conﬁrmed by the stabilities of SAXS proﬁles in four iterative
exposures, and no changes in both SDS–PAGE patterns and absorp-
tion spectra before and after X-ray exposure. SAXS of hen-egg white
lysozyme (Mw of ca. 15k) were collected for a reference in the molec-
ular weight determination of the LOV polypeptide.
After the circular-average of two-dimensionally recorded scattering
patterns and the background subtraction, scattering proﬁles in small-
angle region were analyzed by the Guiniers approximation [11]:
I(S,C) = I(0,C)exp(-4p2/3Rg(C)2S2) and S = 2sinh/k, where I(S,C) is
the intensity at a scattering vector S and a protein concentration C,
I(0,C) is the forward scattering intensity, Rg(C) is the radius of gyra-
tion, 2h is the scattering angle, and k is the X-ray wavelength. Under
a diluted condition, I(0,C) is approximated as KC/I(0,C) = 1/
Mw + 2A2C, where K is an experimental constant, and A2 is the second
virial coeﬃcient [12]. Assuming the partial speciﬁc volume of
0.74 cm3 g1 for soluble proteins, Mw of a protein is determined in
referring I(0,0) of a protein with the known Mw. The pair-correlation
functions were calculated by using GNOM [13].
Molecular structures of the polypeptide were simulated by using ab
initio structure determination program GASBOR [13]. The program
minimize the discrepancy between the experimental (Iexp(S)) and the
calculated (Imodel(S)) scattering proﬁles in retaining compact packing
of the dummy scatterers representing the molecular structure. The dis-
crepancy was monitored by v2 = 1/(N  1)Rj{[Iexp(Sj)]  KImodel(Sj)/
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2, where N is the number of data points, K is a scaling factor, and
r(Sj) is the statistical error of Iexp(Sj) at the scattering vector Sj. Be-
cause the simulations do not provide a unique solution, 10 models were
simulated independently.3. Results
3.1. Molecular weight of the FKF1-LOV polypeptide
In the chromatography (Fig. 1C), the LOV polypeptide in
the dark displays an apparent Mw near that of ovalbumin
(43k), which is about 2.8 times larger than that calculated from
the amino acid sequence (17k). Taking the hydrodynamic ef-
fects of the molecular shape of a solute on the elution volume,
the result suggests two possibilities: the polypeptide forms a di-
mer with a molecular shape deviated from a sphere or a trimer
with a spherical shape.
The SAXS proﬁles of FKF1-LOV polypeptide monoto-
nously decrease to S  0.03 A˚1 and resemble those of
LOV1 polypeptide of phototropin1 (phot1) [10] (Fig. 2A).
Very small diﬀerences are appreciable between the proﬁles un-
der the dark/light conditions. All polypeptide solutions exhibit
monodispersive properties as indicated by their Guinier plots
to be approximated by single regression lines (Fig. 2B). C/
I(0,C) and Rg(C)2 display small variations depending on both
the concentration of LOV polypeptides and dark/light condi-
tions (Fig. 2C). Mw of the polypeptide estimated from its
I(0,0) is 26k, almost twice of that calculated from the sequence
of the LOV core (14.5k), suggests a dimeric association of the
LOV cores. The diﬀerence between the SAXS and calculated
Mws (34k) likely come from structurally ﬂexible terminal re-
gions, which are expected to contribute little to SAXS intensi-
ties. The I(0,0) values independent of the dark/light conditionsFig. 2. (A) SAXS proﬁles of the FKF1-LOV polypeptide in the dark (red d
solution is 3 mg ml1. The yellow dots show the proﬁle of a structural model p
solution (3 mg ml1) in the dark (orange dots) and under light irradiation (gr
are shifted to the downward for clarity. The inset shows the P(r) function o
intensities plotted against the square of scattering vectors) of FKF1-LOV po
dots). The lower and upper plots (separated for clarity) are from polypeptide s
angle limit used for the Guinier approximation satisfying the criteria of SRg
panel) and Rg(C) (lower panel) in the dark (red symbols) and under blue-lig
symbol.indicate no light-dependent dimer-to-monomer dissociation or
monomer-to-dimer association.
3.2. Molecular shape and dimensions of the FKF1-LOV
polypeptide
P(r) functions in the dark and under blue-light have the
maximum dimensions of 94 ± 3 A˚ (Fig. 2A). Rg(0) values are
27.8 ± 0.3 A˚ in the dark and 27.7 ± 0.3 A˚ under light irradia-
tion (Fig. 2C). When assuming a spherical shape and the spe-
ciﬁc volume of typical soluble proteins, the expected diameter
of 40 A˚ and Rg(0) of 15 A˚ are much smaller than the experi-
mental results. Thus, the LOV polypeptide likely has a molec-
ular shape signiﬁcantly deviated from a spherical shape as
expected from the elution volume in the chromatography.
The predicted molecular models under assuming twofold
rotational symmetry based on the dimeric organization have
dimensions of 91 · 59 · 40 A˚ (Fig. 3A). Despite the limited
information included in SAXS proﬁles, 10 molecular models
independently simulated resemble each other regarding the
overall shapes and dimensions. The shape seems to be divided
into two lobes of 57 A˚ long and 33 A˚ wide. One lobe likely cor-
responds to one LOV subunit, and the two subunits may con-
tact in an antiparallel manner like phot1 LOV1 domain (Fig.
3B).4. Discussion
The present study demonstrates that FKF1-LOV polypep-
tide exists as homodimer (Fig. 3). Because the concentration
of samples in SAXS is still higher than those of intact FKF1
in vivo, it is diﬃcult to deny the possibility of dimerizationots) and under light irradiation (blue dots). The concentration of the
redicted (Fig. 3A). As a reference, proﬁles of phot1 LOV1 polypeptide
een dots) are taken from [10]. Proﬁles of the phot1-LOV1 polypeptide
f FKF1-LOV polypeptide in the dark. (B) Guinier plots (logarithm of
lypeptides in the dark (red dots) and under blue-light irradiation (blue
olutions of 2 and 4 mg ml1, respectively. The arrow indicates the high-
< (2p)1. (C) The concentration-dependent variations of I(0,C) (upper
ht irradiation (blue symbols). Errors of the parameters are within the
Fig. 3. (A) An illustration of the molecular models of FKF1-LOV
polypeptide shown as assemblies of transparent spheres representing
dummy scatterers in the simulation. Three models yielding v2 values
less than 2.0 (green, magenta and white spheres) are superimposed on
the averaged model calculated from the ﬁve best models (cyan
spheres). The scale-bar corresponds to 20 A˚. Yellow lines represents
the Ca-traces of the Adiantum phy3 LOV2 crystal structures [20]
manually ﬁtted to the averaged structure. The model in the lower panel
is rotated around the long molecular axis by 90 from the upper.
Mirror images of the models also explain the scattering curves in Fig.
2A. (B) A molecular model of phot1-LOV1 polypeptide dimer [10].
This ﬁgure is prepared by the program ASSA [21].
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from the chromatography for more diluted solution suggests
the dimeric association of the LOV polypeptides and, possibly,
of full-length FKF1 protein at its LOV domains. Thus, the
LOV domain is expected to have dual functional roles to work
as a photo-receiving unit and as a dimerization site.
Very recently, dimerization of oat phot1 at its LOV1 domain
is proposed by using gel chromatography [9], and a SAXS
study suggest also dimeric associations of phot LOV polypep-
tides of A. thaliana [10]. The present structural information of
the FKF1-LOV polypeptide is similar to those of phot1-LOV1
polypeptide [10] regarding the molecular dimensions and
shapes (Fig. 2A and Fig. 3). ZEITLUPE (ZTL) [14] and
LOV Kelch protein 2 (LKP2) [15] (Fig. 1B) are expected to
form dimers at their LOV domain, when taking the sequence
homologies of their LOV with the FKF1-LOV (Fig. 1B). Thus,
the dimerization of LOV domains may have profound impor-
tance for those photoreceptor proteins converting light stimuli
to signals for intermolecular interactions, like homo- or het-
ero-dimerization of PAS domains necessary for cellular signal
transduction [16]. Mutational studies on residues necessary to
the dimerization may provide clues to understand contribu-
tions of LOV-dimer to the biological functions of the proteins.The LOV polypeptide exhibits very small changes in the pro-
ﬁle and concentration dependences of structural parameters
between the dark and light conditions (Fig. 2). However, it
should be noted that these results does not deny small confor-
mational changes diﬃcult to detect in SAXS. In fact, while a
SAXS study reported very small changes of scattering proﬁles
of LOV1 and LOV2 polypeptides of phot1 and phot2 from A.
thaliana [10], X-ray crystal structure analyses identiﬁed small
structural changes around FMN in the light-activated Adian-
tum phytochrome3-LOV2 [17] and Chlamydomonas phot
LOV1 [18]. In contrast, phot1-LOV2 domain connected to
the linker domain (Fig. 1A) exhibits signiﬁcant conformational
changes detectable in SAXS [10], and a nuclear magnetic reso-
nance study revealed light-induced conformational changes of
an oat phot1-LOV2 polypeptide connected to its helix J [19]. In
analogy with these studies, though the conformational changes
in light-activated FKF1-LOV core is very small, intersegment
interactions with the other functional segments such as F-Box
and/or Kelch repeat may be required to amplify small struc-
tural changes in LOV for initiating photoperiodic responses
of Arabidopsis at molecular level. To examine this, both crys-
tallographic and spectroscopic studies are required in the
future.Acknowledgments: This work was supported by MEXT Japan to M.N.
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